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ABSTRACT 
A concept of innovative rotational Raman lidar 
with daylight measurement capability is proposed 
to measure the vertical profile of temperature 
from the ground to the middle stratosphere. The 
optical filtering is made using a Fabry-Pérot 
Interferometer with line spacing equal to the line 
spacing of the Raman spectrum. The detection is 
made using a linear PMT array operated in photon 
counting mode. We plan to build a prototype and 
to test it at the Haute-Provence Observatory lidar 
facility. to achieve a time resolution permitting the 
observation of small-scale atmospheric processes 
playing a role in the troposphere-stratosphere 
interaction as gravity waves. If successful, this 
project will open the possibility to consider a 
Raman space lidar for the global observation of 
atmospheric temperature profiles. 
 
1. INTRODUCTION 
The temperature is a fundamental parameter for 
meteorology and climatology. It is measured, (1) 
twice a day using radiosondes with good vertical 
resolution but in a limited number of stations in 
the world and, (2) from space but often with a 
vertical resolution limited by the weighting 
function of the instrument. Lidars provide a good 
vertical resolution and continuity of 
measurements. Currently the temperature is 
measured by Rayleigh lidar at NDACC ground 
stations but only above 30 km due to the presence 
of aerosols below this altitude [1] [2]. There is 
currently no space lidar in flight or in project 
measuring the temperature. The rotational Raman 
lidar technology allows access to the evolution of 
the temperature profile in the troposphere and 
lower stratosphere. It requires developing an 
efficient optical system with separation between 
the Rayleigh and the rotational Raman signal, the 
first being 2 to 3 orders of magnitude stronger 
than the second. It requires acquiring the full 
rotational Raman spectrum of molecular nitrogen, 
the temperature being deduced from the evolution 
of the relationship between the spectral lines. 
	
. 2. METHODOLOGY 
In the Rayleigh lidar, monochromatic laser pulses 
are sent vertically into the atmosphere and a 
temporal analysis of the backscattered light 
provides information about the vertical structure 
and composition of the atmosphere. Above the top 
of the stratospheric aerosol layer (about 30 km), 
Mie scattering is negligible and the received 
signal due only to Rayleigh scattering is directly 
proportional to the atmospheric density. The 
temperature profile is deduced from the density 
profile assuming that the density is in hydrostatic 
equilibrium and obeys the perfect gas law. The 
profile is limited upwards by the signal to noise 
ratio at about 80-90 km, depending on the power 
of the lidar. 
It is obvious that below about 30km, depending 
on the height and abundance of aerosols, it is not 
possible to use the Rayleigh scattering technique 
to measure atmospheric density and temperature 
because of the contribution of Mie scattering to 
the signal. It is, however, possible to use the 
Raman vibrational and rotational components of 
the scattering by the main gases of the 
atmosphere, O2 and N2. The vibrational Raman 
scattering is about 3 orders of magnitude smaller 
than the Rayleigh scattering. In order to achieve a 
useful accuracy in the lower stratosphere with this 
technique, it is then necessary to have a lidar with 
high energy-surface product. 
As for the Rayleigh scattering, the vibrational 
Raman signal is directly proportional to the 
atmospheric density and the temperature profile is 
computed from the density profile assuming the 
hydrostatic equilibrium. It is necessary to correct 
the signal for the atmospheric transmission, which 
cannot be assumed constant below 30 km. This 
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 technique is very well adapted for observations in 
the lower stratosphere during periods with low 
background aerosol loading during which an 
estimation of the optical thickness of the aerosol 
layer can be done with enough accuracy [3]. 
The vibrational Raman technique is limited to the 
altitude above the tropopause due to the frequent 
presence of thin cirrus with unknown optical 
thickness in the upper troposphere. Furthermore, 
after a major volcanic eruption, like the Pinatubo 
in June 1991, it is no more possible to use the 
vibrational Raman technique in the lower 
stratosphere due to the uncertainty on the very 
high optical thickness of the volcanic aerosol 
layer. In this case an alternative technique exists 
consisting in the direct measurement of the 
temperature using the rotational Raman lidar 
technique.  
The Raman rotational spectrum of a diatomic 
molecule such as N2 or O2 is composed of two 
branches, Stokes and anti-Stokes. Each branch is 
composed of a series of lines with an intensity 
depending on temperature. Lines close to the 
Rayleigh line vary inversely to the temperature 
when liens far to the Rayleigh line vary in phase 
with the temperature. If we measure the ratio 
between two lines with an opposite dependence in 
temperature, we can obtain a direct measurement 
of the atmospheric temperature. This is generally 
done with two anti-Stokes lines near 529 nm and 
530.5 nm [4] [5] [6]. Anti-Stokes lines are 
preferred to the Stokes lines that may be perturbed 
by the fluorescence of aerosols. The difficulty of 
these measurements is due to the very small shift 
of wavelength between the laser excitation line 
(532nm) and the observed lines. The needed 
rejection factor at the wavelength of the laser line 
is of the order of 10
-7
 and is obtained by using two 
interference filters in series. This method gives a 
relative temperature profile and has to be 
calibrated once with a radiosonde profile to obtain 
the two parameters of the calibration curve. This 
curve can be used as long as the characteristics of 
the lidar are not changed.  
Figure 1 presents a profile obtained at Haute-
Provence Observatory (OHP, 44°N, 6°E) 
integrated during 10h with a 1-km vertical 
resolution, showing a good agreement with the 
coincident radiosonde. This technique has been 
installed in the ALOMAR lidar facility (Andoya 
Space Center, 69°N, 16°E) in 1995 and is 
operated regularly since this date. It has been used 
to study the properties of polar stratospheric 
clouds, showing the capability to obtain 
temperature profiles inside the clouds [6]. 
However the low level of the signal after filtering 
by the two band-pass filters limits the use of the 
rotational Raman technique for dynamics studies 
in the lower stratosphere that need e better time 
resolution. For instance for the study of gravity 
waves a time resolution less than 30 minutes is 
needed. 
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December-January. The mesopause temperature presents a s0- 
well defined minimum in May-June corresponding to a min- 
imum of gravity wave propagation. This climatology and the 
variance deduced from it, is included in the new CIRA 1986 70- 
(COSPAR International Reference Atmosph e) [18]. 
1.5.4 Long-Term Variation. Our data-base covers already 12 ~ ~0- 
years and extends from a maximum of solar activity in 1979 
to the following one in 1990. It is then possible to begin = ~ 5 0 -  
the study of long-term trends and the cor elations with solar 
activity [19, 20]. In order to estimate the long-term trend, a 
multi-parameter least square fit has been made on the LIDAR 40 - 
data [1]. The most interesting result is the observed cooling 
of the mesosphere in summer of -0 .4  K/year (Fig. 4), which 
is s gnificant at t 95% level and is twice larg  than the 
cooling expected in climatic models from the i crease of 
greenhouse gases in the atmosphere. 
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Fig. 4. Linear trend of the temperature observed in summer (April to 
September) from 1979 to 1991. The 95% confidence interval is shown 
with dashed lines 
2 R a m a n  L I D A R  
It is obvious that below about 30km, depending on the 
height and abundance of aerosols, it is not possible to use 
the Rayleigh scattering technique to measure the atmospheric 
density and temperature because of the contribution of Mie 
scattering to the signal. It is, however, possible to use the 
Raman vibrational and rotational components of the scatter- 
ing by the main gases of the atmosphere, 02 and N2. Even 
though the method was demonstrated in the troposphere, it 
has not been widely used for the study of the stratosphere 
because of the very low cross sectio  of Raman scattering; 
about 3 orders of m gnitude smaller than the Rayleigh cross 
section. Due to the fast increase of the performances of the 
lasers in the recent years, it is now possible to obtain a useful 
accuracy in the lower stratosphere with this technique. We 
will present first the results that we have obtained using the 
Raman vibrational scattering in the lower stratosphere and in 
the second part the recent extension of these measurements 
to the troposphere using the Raman rotational scattering. 
For the Raman vibrational scattering, the specific shift of 
the scattered radiation fr que cy depends only on the vibra- 
tional levels to the molecular species. As for the Rayleigh 
scattering, the signal is directly proportional to the atmo- 
spheric density and the temperature profile is computed from 
the density profile assuming the hydrostatic equilibrium. It is 
necessary to correct the signal for the atmospheric transmis- 
sion which cannot be assumed constant below 30 km. This 
technique cannot be used after major volcanic eruptions like 
the Pinatubo in June 1991. It had been successfully tested 
before, in 1988-1989 at OHP [2], using the same LIDAR as 
for the Rayleigh scattering but with a wavelength of recep- 
tion corresponding to the N2 vibrational line (607 nm for an 
emission at 532 nm). It had been possible to obtain temper- 
ature profiles between 10 and 25 km which compared with 
simultaneous radiosonde profiles with an adequate accuracy. 
Since the Pinatubo eruption in June 1991 it is no longer 
possible to assume that the atmospheric transmission of the 
lower atmosphere is known and we have used the Raman 
rotational scattering to measure the temperature directly [3]. 
The Raman rotational spectrum of a diatomic molecule such 
as N2 or 02 is compose  of two branches, Stokes and anti- 
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Fig. 5. Temperature profile obtained by the Rieman rotational lidar 
on April 9, 1991 at OHP (thin line) compared with the simultaneous 
radiosonde (thick line). The Raman profile was integrated for l0 h with 
1 km height resolution. The dotted line represents the 4-1a error bar 
Stokes. Each branch is composed of a series of lines with an 
intensity depending on temperature. If we measure the ratio 
between two lines with an opposite dependence in tempera- 
ture, we can obtain a direct measurement of the atmospheric 
temperature. This has been done with two antiStokes lines 
of Na at 529.1 nm and 530.4 nm. The difficulty of these mea- 
surements is due to the very small shift of wavelength be- 
tween the laser excitation line (532nm) and the observed 
lines. The needed rejection factor at the wavelength of the 
laser line is of the order of 10 -7 and is obtained by using 
two interference filters in series. This method gives a rela- 
tive temperature profile and has to be calibrated once with a 
radiosonde profile to obtain the two parameters of the cali- 
bration curve. This curve can be used as long as the charac- 
teristics of the LIDAR are not changed. Figure 5 presents a 
profile obtained in April 1991 at OHP and Fig. 6 presents the 
 
Figure 1: Rotational Raman profile at OHP on 
Apr l 9, 1991: lidar (thin line) with 1σ uncertainty 
(dotted line) compared with a radiosonde (thick 
line). From [4]. 
 
We propos  to develop an innovativ  rotational 
Raman lidar using the signal recorded in the full 
rotational Rama  spectrum. The int grated 
intensity of the full N2 rotational Raman spectrum 
represents 2% of the intensity of the Rayleigh 
line, which is not at all negligible. In order to do 
that, it is needed to acquire the very low 
backscatter signal at the frequency required to 
achieve th  xpected vertical resolution (1 µs for
150 m). New array detectors, like the Hamamatsu 
32-channnel linear array PMT assembly H7260 
operated in photon counting mode, are well 
adapted for this objective.  
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 Another challenge is the high dynamics between 
the Rayleigh-Mie line and rotational Raman lines 
that are individually 3 to 4 orders of magnitude 
weaker. An elegant solution to solve this problem 
proposed by [7] is to transmit the optical signal 
through a Fabry-Pérot interferometer (FPI) with a 
line spectral spacing exactly equal to the spacing 
between the lines of the N2 rotational Raman 
spectrum (7.958cm-1 [6]). The Rayleigh line is 
placed exactly in the middle of two FPI lines, 
corresponding to a minimum of transmission. For 
a FPI with finesse 30, the intensity of the 
Rayleigh-Mie line is attenuated by a factor 160 
and is only 6 times larger than the stronger Raman 
lines. The use of a FPI has another advantage. It 
decreases the sky background light by a factor 
approximately equal to its finesse, giving to the 
Raman lidar a daylight measurement capability. 
We started the definition of the rotational Raman 
detection system. The objective is to build a 
prototype and to test it in the NDACC station at 
Haute-Provence Observatory to benefit from the 
facilities available on site (laser source, 
telescopes, ...). Such a system will be able to 
perform a continuous survey of the temperature 
profile from the surface to the middle 
stratosphere, providing a powerful tool to study 
the variability of the temperature profiles due to 
atmospheric processes and could serve as a 
reference to define a future space lidar for 
measuring the temperature in the troposphere and 
lower stratosphere. 
 
3. CONCLUSION 
We propose an innovative rotational Raman lidar 
with daylight measurement capability to measure 
continuously the vertical profile of temperature 
from the ground to the middle stratosphere. The 
optical filtering is made using a FPI with line 
spacing equal to the line spacing of the N2 
rotational Raman spectrum. This allows benefiting 
from the signal in the whole N2 rotational Raman 
spectrum and achieving a time resolution 
permitting the observation of small-scale 
atmospheric processes playing a role in the 
troposphere-stratosphere interaction as upward 
propagating gravity waves. If successful, this 
project will open the possibility to consider a 
rotational Raman space lidar for the global 
observation of atmospheric temperature profiles 
with a high vertical resolution. 
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